Abstract: Standardized procedures must be followed when characterizing, officially describing, and validly naming novel bacteria. For species descriptions, DNA-DNA hybridization still is needed for whole-genome comparisons between close relatives, but many established hybridization methods have drawbacks, such as requiring labeled or large amounts of DNA. We evaluated a new technique based on the spectrophotometric method in which renaturation rates are used for calculating the degree of binding, which estimates relatedness. In this new approach, DNA is denatured and reassociated in a real-time PCR thermal cycler and the process monitored fluorimetrically using SYBR Green I dye that selectively binds to double-stranded DNA. We investigated the effects of different parameters on the renaturation rates, such as the quantities of DNA and SYBR Green I used. Then using this technique, we calculated the percent binding for pairs of selected bacterial species representing different taxonomic groups and compared our results with published values. We demonstrated that the SYBR Green I method is useful for describing new species and as a screening tool to quickly identify the relatedness of uncharacterized isolates with similar 16S rRNA gene sequences.
Less than 1% of the bacterial species existing in nature have been cultivated in the laboratory, and approximately 10 000 species (http://www.bacterio.cict.fr/number.html) have been characterized and officially recognized. Proper classification of new species depends upon following rigorous rules for characterizing, describing, and validly naming novel bacteria. In a recent article concerning the analyses necessary for new species descriptions, Tindall et al. (2010) recommend that DNA-DNA hybridization should be completed when the proposed new species are composed of more than one strain to show that these have a high degree of DNA binding and when the 16S rRNA gene sequence similarities are more than 97%. Thus, comparisons of whole-genome similarities by DNA-DNA hybridization usually are needed for the description of new bacterial species.
There are many methods for determining the similarity between bacterial genomes and these were compared in a recent comprehensive review (Rosselló-Mora 2006) . Each technique has limitations and many require tagging the DNA, high DNA concentrations, or multiple washing steps.
In bacterial classification, the most common approach to determine relatedness is by calculating % binding (hybridization) also referred to as the relative binding ratio (RBR) (Rosselló-Mora 2006; Tindall et al. 2010) . Some techniques also can provide another measure of relatedness, DT m , which correlates well with the RBR and represents the difference between homo-and hetero-duplex DNA melting temperatures (Rosselló-Mora and Amann 2001; Gonzalez and Saiz-Jimenez 2005; Rosselló-Mora 2006) . A commonly used method for determination of the RBR uses unbound unlabeled DNA. After denaturation, the reassociation of DNA is monitored using a spectrophotometer as the decrease in absorbance over time. The degree of binding (%) is calculated from reassociation rates of homoduplex and hybrid DNA (De Ley et al. 1970) . Comparison of melting profiles to estimate relatedness without determination of RBR has been proposed as a quicker alternative to hybridization (Mehlen et al. 2004; Gonzalez and Saiz-Jimenez 2005) . Gonzalez and Saiz-Jimenez (2005) added SYBR Green I (SG), a fluorescent dye that preferentially binds to doublestranded DNA, to homo-and hetero-duplex DNAs and generated melting curves using a real-time PCR thermal cycler to compare DT m s.
We developed a technique to calculate RBR that combines the simplicity of the spectrophotometric method and the sensitivity provided by SG and the real-time PCR thermal cyclers. DNA bound to SG is detected fluorimetrically during denaturation and renaturation in a 7900HT Fast Real-time PCR System (Applied Biosystems, Carlsbad, California, USA). Calculation of the % binding is based upon renaturation rates determined from the change in fluorescence over time. This can provide an estimate of relatedness of a novel species to other validly named species and may be useful as a screening tool to check many isolates simultaneously to determine which are most closely related.
Ideally, any new approach to determine DNA-DNA hybridization values should be compared with existing techniques to confirm the validity of the results (Rosselló-Mora 2006; Tindall et al. 2010) . Jakava-Viljanen et al. (2008) used a fluorimetric hybridization approach very similar to ours in their article on the relationship of Lactobacillus sobrius to Lactobacillus amylovorus. However, this report did not include a systematic comparison of parameters and values obtained using this new method for species of different genera with results obtained with previous techniques. Padonou et al. (2010) used Jakava-Viljanen's method, with a different dye, solely to determine the relatedness of bacteria isolated from fermenting cassava roots to Weisella ghanensis. Thus, to determine whether a fluorimetric renaturation method could be used to reliably assess the % binding of DNA from different bacterial species pairs, we tested various parameters, such as DNA preparation, SG and DNA ratios, and renaturation temperatures. We then examined 13 carefully selected microbial species from diverse bacterial phyla that included gram-negative and grampositive bacteria with differing G+C mol% values and for which there were published % binding values.
The bacterial strains chosen for this study were DNA was extracted using Gentra Purgene reagents (Qiagen, Valencia, California, USA) and stored in 0.1Â SSC buffer (0.015 mol/L NaCl and 0.0015 mol/L trisodium citrate, pH 7.0). DNA concentration was determined initially (before shearing) by measuring the absorbance at 260 nm, and the DNA was sonicated in 2Â SSC buffer using a Branson sonifier 450 (Danbury, Connecticut, USA) for 10-14 pulses at the lowest setting (1-2), at an output of 50%. DNA incompletely sheared using the sonifier was further fragmented using the sonifier or an ultrasonic bath to get more uniformly small-sized segments, optimally about 400-1500 bp. Experiments were done with sheared DNA of approximately 0.1 mg/mL, resulting in a final DNA concentration of 1 mg/well except for Herminiimonas sp. and initial experiments with Chryseobacterium sp. in which concentrations were 0.4-0.5 mg/mL.
Sheared DNA samples in 2Â SSC buffer were added in 10 mL aliquots (single) or two 5 mL aliquots for DNA pairs to a 384-well PCR plate (Applied Biosystems). Ten microlitres of SYBR Green I nucleic acid stain (Invitrogen, Carlsbad, California, USA) (SG) diluted 1 : 5 000 or 1 : 10 000 in 2Â SSC was added to each well for a total final volume of 20 mL and the contents were pipetted up and down once to ensure mixing. The preparation of the SG solution and addition to the plate was done under low light conditions and the plate was vortexed (10 s) and centrifuged briefly prior to melting and reassociation of the DNA in the 7900HT Fast Real-time PCR System. After the initial start at 25 8C (5 s) and an increase to 99 8C (100% ramp), the temperature was maintained at 99 8C for 5 or 10 min for gram-negative bacteria and 10 min for gram-positive bacteria. After DNA melting, the temperature was decreased quickly (100% ramp) to 55, 60, or 70 8C and maintained at that temperature for 40 min for reassociation to take place. After that, the temperature was again reduced (100% ramp) to 25 8C and held there for 30 s. Fluorescence readings were taken every 7-10 s throughout the protocol. Plates could be analyzed more than once if stored protected from light and different renaturation temperatures selected, although the fluorescence did decrease over time.
Using the Applied Biosystems software (SDS 2.3) associated with the 7900HT, the fluorescence readings were exported as text files, and those measurements recorded during the renaturation step were plotted against time in minutes, and linear regression trend lines were fitted. The slopes of the linear regression lines, representing the renaturation rates expressed as the increase in fluorescence per minute, v', were used to determine the degree of binding (%) using the equation of De Ley et al. (1970) .
The subscripts ''M'', ''A'', and ''B'' refer to the mixture of a pair of DNAs and the 2 individual samples, respectively. The straightest portions of the curves, with the highest correlation coefficients, were used for the calculations. The samples were measured in duplicate or triplicate. The procedure described above was a result of extensive testing. To optimize the procedure, we examined the effects of various parameters, including the amount of DNA, amount of SG, and the ratio of the dye to DNA. Initial experiments were done using 4-5 mg of total DNA per well based on a SYBR Green I method for G+C determination using a realtime PCR cycler (Gonzalez and Saiz-Jimenez 2002) . As seen in Fig. 1 , the shapes of the curves were affected by the ratio of the amount of SG to DNA with the straightest line (line C in Fig. 1 ) obtained with 0.5-1.0 mg DNA and 1 : 10 000 SG. When the ratio of SG to DNA was lower, the line tended to plateau early, and when the DNA and (or) SG concentrations were very low, the lines tended to be less smooth and the renaturation rates lower. Xu et al. (2000) determined the optimal amounts of SYBR Green I and DNA for measuring thermal denaturation temperatures (T m ). Similar to what was found in the present study, they reported that at high DNA concentrations, results were affected when lower concentrations of SYBR Green I were used. Zipper et al. (2004) recommended a SG dye to DNA base pair ratio of at least 10 to minimize the binding to other molecules and lessen the impact of salts. The above results underline the importance of experimentally determining the optimal amounts of the dye and DNA.
The renaturation temperature also influenced the fluorescence readings in our experiments. De Ley et al. (1970) reported that the optimum renaturation temperature could be determined from the G+C mol%. There is an interval of approximately 158 usually near this optimum and below, where the calculated degree of binding remains fairly constant and independent of temperature (De Ley et al. 1970; Huß et al. 1983 ), whereas renaturation rates, v', are strongly dependent upon the temperature with the highest rates occurring at the renaturation optimum (Huß et al. 1983 ). We chose temperatures of 55 or 60 8C for gram-negative and low G+C gram-positive bacteria and 60 or 70 8C for high G+C gram-positive bacteria. When higher-than-optimum reassociation temperatures were used, the fluorescence readings tended to be lower, the lines often plateaued earlier, and more variation in the recorded fluorescence resulted in less smooth curves. An example is shown in Fig. 2 in which a hybridization reaction for S. globispora ATCC 23301 T and S. psychrophila ATCC 23304 T was done using a renaturation temperature of 79 8C and the plate reanalyzed several days later using a temperature of 60 8C. Although several days had elapsed, the fluorescence readings at 60 8C (optimum) were much greater, indicating that the samples on a plate may be subjected to melting and reassociation multiple times. In both cases, the curves for the hybrids appeared between the corresponding homoduplex curves, indicating differences in the hybridization process. Figure 2 also demonstrates the reproducibility of the method, with duplicate wells resulting in similar outcomes (lines B and C at both temperatures) as does Fig. 1 (lines A and B) .
The fluorescence data obtained also depended upon the G+C content of the organisms analyzed. Determination of % binding for high G+C gram-positive bacterial DNA tended to produce curves that plateaued much earlier than the renaturation lines for lower G+C species. In both cases, Fig. 1 . Effect of different DNA to SYBR Green I (SG) concentrations on the measured fluorescence spectral units during renaturation of combined DNA from Chryseobacterium greenlandense UMB34 T and Chryseobacterium aquaticum KCTC 12483 T . Lines A and B represent duplicate wells containing 5 mg total DNA and SG diluted 1 : 10 000. Line C represents 1 well with approximately 0.3-0.5 mg total DNA and SG diluted 1 : 10 000. Line D represents 1 well with 5 mg total DNA and SG diluted 1 : 20 000. Fig. 2 . The effect of different renaturation temperatures on the measured fluorescence spectral units during reassociation of Sporosarcina globispora ATCC 23301 T and Sporosarcina psychrophila ATCC 23304 T homoduplex and hybrid DNA using 1 mg total DNA and SYBR Green I (SG) dilution 1 : 10 000. The plate with these DNA samples was analyzed with a renaturation temperature of 79 8C and same plate was reanalyzed at 60 8C. The line designation numbers ''60'' or ''79'' refer to the renaturation temperature. Lines A60 and A79 represent wells containing S. psychrophila DNA and lines D60 and D79 S. globispora DNA. Lines B60 and C60 and lines B79 and C79 represent duplicate wells containing hybrid DNA. (Claus and Berkeley 1986; Keddie et al. 1986, respectively) . §
In Kim et al. (2008) , a range was presented for C. aquaticum to C. indoltheticum, C. scophthalmum, and C. soldanellicola.
the rate could be obtained from the linear slope. The DNA fragment size also was a factor mostly for high G+C bacteria, where shorter fragments (1000 bp or less) produced better lines with a greater initial slope. The DNA base composition may account in part for the variation in curve shape because SG binds more to AT than to GC base pairs especially at high ratios of SG to DNA (Zipper et al. 2004) . Buffer salt concentration also influences the melting temperature, which may then affect the curves (Mandel and Marmur 1968; Xu et al. 2000) . Xu et al. (2000) reported that the melting temperature of the high G+C bacterium Pseudomonas aeruginosa could not be determined in 1Â or higher strength buffer. However, we used 2Â SSC buffer, with good results, because this was the concentration used in the original study by De Ley et al. (1970) , and we used their equations to calculate the % binding.
To examine the reliability of this method, we determined the % binding for selected pairs of bacterial species for which there were published DNA-DNA hybridization results (Table 1) . When the values from this study were plotted against published measurements, the correlation coefficients were in the range of 0.9 for linear and polynomial regression lines (lines not shown). Hybridization values for gram-negative species especially correlated well with those from previous studies obtained using other procedures. As shown in Table 1 , some results differed from the published % binding measurements for gram-positive strains. For example, S. globispora ATCC 23301 T and S. psychrophila ATCC 23304 T , which have 16S rRNA gene sequence similarity of 99.8% (Fox et al. 1992) , have a % binding value of 32 using our SG method and 23 by the spectrophotometric renaturation method (Nakamura 1984) . Values of 20%-30% or less calculated using the renaturation method probably are inexact (De Ley et al. 1970; Huß et al. 1983 ) but nevertheless indicate very low relatedness, well below the accepted cutoff of 70% for delineation of a new species (Wayne et al. 1987) . Also, the published RBR for A. globiformis and A. pascens was 51%-55% using a filter method with radioactive labels (Stackebrandt and Fiedler 1979) and 31% by a modified microplate technique (Heyrman et al. 2005) , which was closer to our SG % binding value of 38. Another pair of high G+C strains, A. oxydans and A. polychromogenes, was more closely related, with hybridization values of 65% by our method, which is in good agreement with published results (Table 1) . In all these cases, despite the variations, the % binding was lower than 70%. Thus, we conclude that the SG method would be efficient for demonstrating a new species designation.
In addition, this SG method might be used to compare closely related isolates. For example, Chryseobacterium greenlandense UMB34 T , UMB10, and UMB14 isolated from melted Greenland-ice enrichments (Loveland-Curtze et al. 2010 ) exhibit >90% binding to one another by the SG method (data not shown), which along with the very high 16S rRNA gene similarities indicates that they belong to the same species. A similar example of 2 S. psychrophila strains ATCC 23304 T and NRRL NRS-1526 showed 98% binding (Table 1) . These results suggest that the SG method can also be used for screening environmental isolates with similar 16S rRNA gene sequences in relation to a known reference species.
Our results showed that although the use of SG and a real-time thermal cycler to measure DNA-DNA hybridization is straightforward, it requires careful sample preparation and data interpretation. The DNA needs to be of high quality and sheared such that the fragment sizes are between 400 and 1500 bp. Confirmation that the sheared DNA samples have comparable concentrations is essential. Also, because the ratio of the SG and the DNA is important, freshly prepared solutions are preferable and the samples should be well mixed.
The advantages of the SG method include the small amounts of DNA required, increased sensitivity, and the lack of complicated labeling or washing steps. Samples are analyzed in pairs and many can be accommodated in 1 plate, making this method especially useful as a screening method to determine the genetic relatedness of many isolates. Moreover, plates, if properly protected from light, may be subjected to melting and reassociation more than once so that protocols with different renaturation temperatures or melting times may be used. In conclusion, this relatively fast SG method may be used for determining the relatedness of bacterial species, either for screening purposes or for describing new species.
